[1] Analysis of high resolution Moon Mineralogy Mapper (M 3 ) data reveals the presence of a prominent Mg-spinel-rich lithology in the central peaks of Theophilus crater on the lunar nearside. Other peak-associated lithologies are comprised of plagioclase, olivine, and pyroxene-bearing materials. A consistent spatial association of Mg-spinel with mafic-free anorthosite is recognized. Documentation of Theophilus central peaks brings the global inventory of Mg-spinel-rich lithology to two widely separated occurrences, namely Theophilus on the lunar nearside and Moscoviense basin on the farside. The Theophilus crater target region lies on one of the inner rings of the Nectaris basin, indicating that the Mg-spinel-bearing lithology source was deep in the lunar crust.
Introduction
[2] The complexity of the lunar crust, both laterally and vertically, is manifested in numerous ways such as the nearside-farside crustal thickness difference [e.g., Wieczorek and Phillips, 1998 ], diverse lithologies occurring in the central peaks of complex craters [e.g., Tompkins and Pieters, 1999] as well as the geographically concentrated occurrence of lithologies such as KREEP [e.g., Lawrence et al., 2000] . All these variations represent clues to further understand lunar evolution in space and time. The recent discovery, of a new Mg-spinel-rich lithology excavated from deep within the lunar crust, was made at Moscoviense basin on the lunar farside using Moon Mineralogy Mapper (M 3 ) data [Pieters et al., 2011] . This new rock type has expanded the knowledge of existing crustal composition. The presence of spinel on the Moon has been well-known from lunar samples, where it is typically found to be a minor phase occurring with other mafic minerals [e.g., Prinz et al., 1973; Marvin et al., 1989] . The M 3 data reveal something much more fundamental, however; namely that the new Mg-rich spinel lithology 1) occurs without detectable presence of other mafic minerals and 2) is exposed on scale of hundreds of meters to kilometers. Here, we report on a new detection of the Mg-spinel-rich lithology at Theophilus crater.
Data and Methods
[3] The primary data used in this study include the high spatial and spectral resolution data from Moon Mineralogy Mapper (M 3 ) instrument onboard Chandrayaan-1, India's first mission to the Moon [Goswami and Annadurai, 2009; Pieters et al., 2009] . M 3 is an imaging spectrometer operating in the wavelength range of ∼500-3000 nm and is designed to identify and map lunar mineralogy. Most M 3 data were acquired in the low resolution "global mode" at a spatial resolution of 140-280 m and in 85 spectral bands (R. O. Green et al., The Moon Mineralogy Mapper (M 3 ) imaging spectrometer for lunar science: instrument description, calibration, on-orbit measurements, science data calibration and on-orbit validation, submitted to Journal of Geophysical Research, 2011). The spectral data used in this analysis were acquired during the imaging period Op1b [Boardman et al., 2011] . The calibrated radiance dataset version R4 (Green et al., submitted manuscript, 2011) was converted to apparent reflectance after dividing by solar irradiance and the cosine of incidence angle. For this analysis, spectra have been limited to <2.5 mm to avoid thermal emission effects. Reflectance spectra relative to a standard region near Apollo 16 landing site were also prepared to minimize systematic instrumental artifacts. They were scaled to unity at 750 nm for ease of comparisons. Most of the sampled spectra are 3 × 3 pixel averages while some are 1 × 1 due to smaller targets. We use these data to assess the nature, distribution and associations of the various lithologies at Theophilus.
Theophilus Crater

Regional Setting
[4] Theophilus (11.4°S 26.4°E) is a complex impact crater ∼100 km in diameter and located north-west of Nectaris basin on one of its inner rings (Figure 1 ). It was originally mapped as Copernican in age [Milton, 1968] but was reassigned to an Eratosthenian-age by Wilhelms [1987] on the basis of superposed crater populations. The western rim of Theophilus is superposed on the older Imbrian-aged crater Cyrillus. This complex setting with multiple excavation events (Nectaris basin, Cyrillus and then Theophilus) indicates exposure of deep seated material at Theophilus (estimated to be ∼30 km based on Nectaris basin event alone [Whitford-Stark, 1981] ). The diversity of this region is observed in the central peaks, walls and floor of Theophilus. Earlier remote sensing studies [e.g., Spudis et al., 1989; Tompkins and Pieters, 1999] suggest that the local highlands are dominated by anorthositic norites and noritic anorthosites with several exposures of pure anorthosites. Olivine was suspected to occur in the peaks on the basis of multi-spectral data [Tompkins and Pieters, 1999] and Yamamoto et al. [2010] have recently reported its occurrence as part of a global study using SELENE data.
Compositional Diversity
[5] New data from M 3 show a diversity of rock types at Theophilus crater [Dhingra et al., 2011; Lal et al., 2011] . In particular, a low-Fe, Mg-rich spinel lithology was detected based on a prominent absorption near 2 mm [Cloutis et al., 2004] and an absence of 1 mm absorptions [Pieters et al., 2011] . The spinel exposures occur mostly in the central peaks (Figure 2 ), but isolated patches have also been observed on the floor as well as the walls of Theophilus. In addition, outcrops of crystalline and shocked plagioclase, pyroxene, and olivine-bearing lithologies are observed on the central peaks, indicating the presence of a diverse suite of rocks.
[6] M 3 data permit detailed spectral characterization of the observed rock-types, their geographic distribution and their geologic setting. A M 3 1489 nm albedo image draped over LOLA derived DEM (Figure 2a ) [Smith et al., 2010] shows the geologic setting of the study area. The color composite in Figure 2b captures much of the compositional variation across different units on the peak: Mg-spinel dominated exposures are shown in soft pink and magenta shades, pyroxene and/or olivine exposures in green shades and plagioclase exposures in shades of blue. The dominant lithology of the peaks is mafic-free anorthosite. The ironbearing mafic mineral (olivine, pyroxene) abundance is constrained to less than 5% for pure crystalline plagioclase [Ohtake et al., 2009] . Several dispersed exposures of Mgspinel-rich lithology occur across the peaks. The olivine and pyroxene-rich exposures are much more restricted. In lunar samples, Mg-spinels, owing to their pink color, are referred to as pink spinels. In both Theophilus and at Moscoviense basin [Pieters et al., 2011] , Mg-spinels occur in a dominantly anorthositic terrain, devoid of any detectable ironbearing mafic minerals (∼5%), supporting the interpretation that these exposures might be pink spinel anorthosites (PSAs) [Taylor et al., 2009 ]. This observation is in contrast to available lunar samples where Mg-spinels have only been observed to occur in troctolite lithology [e.g., Prinz et al., 1973; Marvin et al., 1989] .
[7] The diversity of the broader region is captured in the spectra shown in Figures 2c-2e . Nearby areas include small, immature craters in Mare Tranquillitatis (#9; 2.63°N 26.03°E) and Mare Nectaris (#10; 17.51°S 33.04°E), the central peaks of Cyrillus crater (#3) and soils from a standard region near the Apollo 16 landing site (#A16; 8.77°S 15.25°E). A spectrum from a small crater on an impact melt deposit near the northern rim of Theophilus (#4) is also included. Relative reflectance spectra in Figures 2d and 2e allow an examination of the diagnostic features in more detail. The occurrence of featureless spectra indicative of shocked plagioclase at Theophilus (Figure 2c ; #2) and Cyrillus (#3) contrast with the strong 2 mm absorption of Mg-spinel (#7) (the strongest Mg-spinel absorption observed on the Moon to date), the intermediate absorption of crystalline plagioclase (#8), and several weaker absorptions due to pyroxene-dominated lithologies on the central peaks (#1) and the rim (#5). Based on the wavelength of these absorption bands for the peaks compared to the surrounding basalts (#9 and #10), the pyroxenebearing units of the peaks contain low-Ca pyroxene and are thus relatively noritic (best seen in Figure 2e ). Identification of olivine in the central peaks (#6) is based on the irregular, but long wavelength absorption just beyond 1 mm, and an absence of 2 mm absorption, although small amounts of pyroxene cannot be ruled out.
The Nature and Geologic Setting of Mg-Spinel Exposures
[8] The Mg-spinel-rich lithology at Theophilus occurs as small exposures on the top part of the central peaks and usually extends down slope as fans (Figure 2b) , prominent on the easternmost peaks. For such regions, the spinel source probably occurs along the top of the peak. There does not appear to be any geographical preference for Mg-spinelbearing exposures as they occur locally on almost all peaks (except the SW peak). We interpret this to mean that the Mgspinel-rich lithology is likely to have existed as a laterally extensive unit before excavation by Theophilus. No spinelbearing materials have been observed on the adjoining central peaks of Cyrillus crater, indicating either that 1) the spinelbearing unit was not as pervasive as ∼70 km that separates the two peaks or 2) that the central peaks of the two craters excavated materials from significantly different depths.
High-Resolution Image Studies
[9] In order to further understand the geological context of the lithologies exposed in the central peaks, we conducted a coordinated study of high spectral resolution M 3 data with the high spatial resolution Kaguya Terrain Camera (TC) data (10 m/pixel) acquired at similar illumination geometry [Haruyama et al., 2008] . One such comparison is shown in Figure 3 for the specific central peak region displaying the strongest spinel absorption. The spatial traverse of spectral variation across this region illustrates the relationship between Mg-spinel-bearing materials and plagioclase. On either side of an area exhibiting a strong spinel 2 mm band (in magenta color), the spectra exhibit no substantial features (Figure 3d) , thus indicating no detectable other mafic components present. Note that the northern part of the traverse crosses a prominent rock outcrop (the green spectrum): we interpret this featureless spectrum to be mafic-free anorthosite and, since crystalline plagioclase with a prominent 1.3 mm band is present elsewhere (Figure 2, #8) , we interpret this consolidated block to be comprised of plagioclase which has lost its crystalline absorption band in a shocked environment [e.g., Adams et al., 1979] .
[10] The sampling points along the traverse are separated by ∼140-280 meters, indicating that the spinel-bearing zone is about 0.7-1 km wide at this location. The strongest signatures however, are concentrated in a much narrower zone. Mg-spinel-rich areas also occur to the NW lying above the traverse and further downslope of the sampling point (Figure 3b) . The transition from Mg-spinel to plagioclaserich outcrop (green arrow) is relatively sharp. Higher spatial resolution LRO-NAC images [Robinson et al., 2010] of the area provide additional information and are presented in the auxiliary material ( Figure S1 ). 1 These images together with M 3 observations suggest that the strongest spinel concentration illustrated in Figures 3b and 3d may result from accumulation of debris derived from a higher ledge. It is still unclear whether the Mg-spinel-rich lithology 1) is genetically related to the observed massive plagioclase, 2) is part of an intrusion into predominantly anorthositic rocks, or 3) was brought into contact with plagioclase along faults formed during uplift of the central peaks. Further insights into the geologic context of the Mg-spinel-rich lithology would benefit from high resolution compositional-morphological comparisons for other regions and non-linear mixture modeling [e.g., Dhingra et al., 2011a Dhingra et al., , 2011b .
Summary
[11] This identification and documentation of a prominent Mg-spinel-rich lithology in the central peaks of Theophilus crater provides new insights into the character of this recently discovered rock-type, and brings the inventory to two basin-related occurrences, one on the farside and this one (Theophilus) on the nearside. The Mg-spinel-rich lithology at Theophilus occurs in a dominantly anorthositic setting, as prominent exposures in the central peaks, along with lesser exposures of pyroxene and olivine-bearing materials. Spectral variations documented along high spatial resolution traverses, together with the morphological attributes, reveal a close association of mafic-free plagioclase and Mg-spinel, likely occurring as pink spinel anorthosite (PSA). The size and geologic context of spinel exposures suggests that this PSA unit was relatively extensive at depth in the crust prior to incorporation in the central uplift of Theophilus crater.
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